Exudates (DE) secreted from two shiitake mushroom mycelia (strains 1358 and L5458) were evaluated for their antioxidative properties and phenolic content. 1358DE and L5458DE showed distinct antioxidant activity in different in vitro assays, including scavenging activity on 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals, hydroxyl radical, superoxide anions and hydrogen peroxide; the ability to chelate ferrous ions; reducing power; hemolysis inhibition activity in rat erythrocyte; and lipid peroxidation inhibition (IC 50 values of 1358DE and L5458DE were 3.3 and 132.6; 44.5 and > 1000; 26.9 and 53.7; 153.6 and >175.0; 176.0 and 521.0; 26.7 and 746.4; 47.8 and 736.9; and 3.1 and > 1000 μg/mL, respectively). Their total phenolic content was 237.33 and 24.08 mg gallic acid equivalent (GAE)/g of dry DE, respectively. Overall, these results show that 1358DE generally possesses better antioxidant properties than L5458DE, possibly due to its larger total phenolic content. Shiitake mushroom mycelial exudates, particularly of 1358DE, could be a good source of natural antioxidants.
Reactive oxygen species (ROS) are a group of natural byproducts generated in the normal metabolism of oxygen in vivo. They play crucial roles in physiological processes, including response to growth factors, immune responses, and cell signaling [1] . The most common ROS are hydrogen peroxide, superoxide anion and hydroxide radical. At high concentration, ROS can damage cellular proteins and lipids, or form DNA adducts which contribute to the development of cancers and cardiovascular diseases (CVD) [2,3a] . Although antioxidant defense and repair systems are present in almost all organisms, they are insufficient to prevent the damage entirely [3b] . Thus, the consumption of antioxidant supplements and foods may reduce the oxidative damage in the human body [4a] .
In Asia, various mushrooms have been used as food and medicine for centuries [5] . They contain phenolic compounds which are recognized as potent antioxidants [4] . Apart from the mushroom fruiting bodies, their mycelia also possess antioxidant qualities [6] . The shiitake mushroom (Lentinus edodes), known in China as Xianggu, has been used for thousands of years both as food and medicine [6e] . It is the second most popular and the third most widely cultivated edible mushroom in the world [5] . Its extract was reported to have antioxidant properties in terms of their ROS scavenging activity, reducing power, ability to chelate ferrous ions, inhibition of hemolysis in rat erythrocyte, and inhibition of lipid peroxidation. Its antioxidant ability is positively correlated with its phenolic content [4a-c,4f,7] . However, investigation of its antioxidant ability has mainly focused on the fruiting body. Its mycelial exudates are rarely investigated. This study reported the antioxidative properties and their total phenolic contents of the shiitake mycelial exudates collected from two different strains (1358 and L5458) using various in vitro assays so as to ascertain their potential application as a source of antioxidants.
In this study, the exudates (1358DE and L5458DE) showed distinct antioxidant activity in different in vitro assays. Figure 1 show 1358DE and L5458DE have potent and concentration-dependent DPPH, hydroxyl, superoxide anion and hydrogen peroxide scavenging activities ( Figure  1 ). The activities of 1358DE on DPPH and hydroxyl were similar (p > 0.05) to that of their positive controls (tert-butyl hydroxyquinone (TBHQ) and ferulic acid, respectively). For the scavenging activity on superoxide anion and hydrogen peroxide, 1358DE had significantly lower activity (p < 0.05) than that of the positive control (ascorbic acid) at low concentrations, but were similar (p > 0.05) at high concentrations. In contrast, the activities of L5458DE were significantly lower (p < 0.05) than that of the corresponding controls at all concentrations. Iron plays a major role in the generation of ROS in living organisms. Iron chelating agents inhibit the metal-dependent oxidative process, which is often used as an indicator of electrondonating activity [8a,8b] . In fact, a good correlation has been established between antioxidant activity and reducing power in other plant extracts. Besides, antioxidant ability can be expressed by the magitude of the reducing power [8c]. Both ferrous ion chelating properties and reducing power of the exudates are shown in Figure 2 . At low concentrations (< 500 μg/mL), the chelating activity and reducing power of 1358DE were significantly less (p < 0.05) than that of the positive controls (ethylenediaminetetraacetic acid (EDTA) and butylated hydroxyanisole (BHA), respectively), whereas at high concentrations, the activities of 1358DE were similar (p > 0.05) to that of the controls. The activities of L5458DE was much lower (p < 0.05) than that of the controls at all concentrations. ROS can damage cellular proteins and lipids. These activities disturb the organization of the membrane and lead to cell hemolysis and lipid peroxidation [4c] . Figure 3a shows the inhibition of hemolysis by 1358DE, which increased steadily with higher concentrations, and was much stronger (p < 0.05) than that of the positive control (ascorbic acid) at low concentrations (31.3-62.5 μg/mL). At high concentrations (250-1000 μg/mL), inhibition of hemolysis by 1358DE was similar to that of the control (p > 0.05). In figure 3b, both 1358DE and the control (BHA) showed comparable inhibition on lipid peroxidation (p > 0.05) in the concentration range from 7.8 to 62.5 μg/mL. However, L5458DE showed a significantly lower level of inhibition both on hemolysis and lipid peroxidation when compared to the same controls (p < 0.05).
Among the assays, the antioxidant activity of the exudates showed concentration dependence. Table 1 summarizes the IC 50 values of the two exudates (1358DE and L5458DE) and their corresponding controls for the eight assays performed. 1358DE was found to possess a superior ability to inhibit hemolysis, as its IC 50 values were significantly lower than those of the positive controls (p < 0.05). Both 1358DE and the positive controls showed similar abilities to scavenge DPPH and hydroxyl radicals, and to inhibit lipid peroxidation (p > 0.05). Although 1358DE had higher IC 50 values than the positive controls (p < 0.05) for the rest of the assays (superoxide anion radical scavenging activity, hydrogen peroxide scavenging activity, reducing power, and ability to chelate ferrous ions), it had similar scavenging activities to the positive controls at higher testing concentrations (p > 0.05). On the other hand, the IC 50 values of L5458DE for the same assays were significantly higher than those of 1358DE and the corresponding positive controls (p < 0.05) suggesting the exudates, L5458DE, had weak activity.
The antioxidant activity of mushroom material has been reported to correlate well with the phenolic compound content [4a-d, 6e ]. As the samples in this study showed antioxidant activities, their total phenolic contents were evaluated. The total phenolic contents of 1358DE and L5458DE were 237.33 ± 5.51 and 24.08 ± 3.48 mg GAE/g of dry DE, respectively. The total phenolic content of 1358DE was almost tenfold higher than that of L5458DE (p < 0.05) ( Table 1) , which may account for the stronger antioxidant ability in 1358DE for each assay.
In order to further confirm the strong antioxidant effect was due to phenolic compounds, the 1358 exudates was eluted through a polyamide column to remove the phenolic compounds while the eluents were collected and evaluated [9] . The total phenolic content in the 1358DE treated with the polyamide column reduced dramatically (p < 0.05) ( Figure 4a ). Similarly, the antioxidant activity of the treated 1358DE significantly decreased in each assays, as its IC 50 values were significantly higher than before (p < 0.05) ( Figure 4b ). Figure 4 showed that after passing through the polyamide column, treated 1358DE still retained some phenolic compounds showing weak antioxidant activity. It is known that simple phenolic compounds with fewer phenolic hydroxyl groups bind less strongly to the polyamide resin, and can easily elute from the column [9b]. Therefore, it is likely that simple phenolic compounds were present in the treated exudates after treatment with the polyamide column. Besides phenolic compounds, polysaccharide was reported to be another important antioxidant component in mushroom. In fact, our treated 1358DE contained carbohydrate as it showed positive result in Fehling reaction. However, the carbohydrate contributed little to the antioxidant effect of the treated exudates than that of the phenolic compounds because the antioxidant activity significantly decreased after removal of large quantity of phenolic compounds while leaving behind some simple phenolic and carbohydrates. Thus, the results suggest that the antioxidant activity of 1358DE was largely due to phenolic compounds. In fact, our study is in agreement with previous reports suggesting antioxidant activity in mushroom material was correlated to the phenolic content [4a-d,6e] .
Previous studies focusing mainly on the antioxidant activities and the total phenolic content of the fruiting bodies in shiitake mushroom have been reported by various investigators [4a-d] . Table 2 compared the values from the same assays between the fruiting body in the literature [4a-d,6e ] and the exudates (1358DE and L5458DE) in this investigation. At concentration of 1 mg/mL, the DPPH, hydroxyl radical scavenging and ferrous ion chelating activities of 1358DE are more than 90%, while that of the extracts of fruiting bodies are no more than 60% at 1.0-40 mg/mL ( Table 2 ). For inhibition of hemolysis, the effect of 1358DE was similar to that of the methanol extracts of fruiting bodies, but much better than the water the extracts of fruiting bodies. The reducing power and the total phenolic content of 1358DE was almost 30 fold higher than that of the extracts of fruiting bodies. In fact, much better antioxidant activities and higher phenolic content were found in this investigation in the exudates particularly in 1358DE than in the fruiting body reported in the literature.
In conclusion, the findings indicate that exudates of shiitake mushroom mycelia have good potential as a natural source of antioxidants, particularly exudates from the strain 1358 (1358DE). This strain showed greater antioxidative effects than the L5458 strain (L5458DE), and had similar effects to the corresponding positive controls at high concentration. This is likely due to the higher phenolic content of 1358DE than that of L5458DE. Besides, after passing the original exudates through a polyamide column to remove the phenolic compounds, the antioxidant activity of the treated 1358DE significantly decreased. These results further support the view that the antioxidant activity of 1358DE was largely due to the presence of phenolic compounds. Thus, further investigation will be necessary to establish the identity of the potent compounds in the exudates responsible for such activity, and to determine the best method for optimizing the productions of these potent components by the mycelia. 
Sample preparation:
The strains were cultivated on potato dextrose agar at 26-27°C. Brown exudates secreted from the mycelia were collected directly from the surface of the mycelia, centrifuged and freeze-dried. The samples (1358DE and L5458DE) were stored at room temperature until further analyzed. (Yang et al., 2002) 82.2% at 1.8 mg/mL (Anguiano et al., 2007) 9.0% at 1.0 mg/mL (Sasidharan et al., 2010) 25.8% at 6.0 mg/mL (Cheung et al., 2003) Methanol extracts: 6.27-9.11 mg GAE/g of dry extract (Yang et al.) ; 0.05 μmol GAE/mg of dry extract (8.51 mg GAE/g of dry extract) (Cheung et al., 2003) Water extract: 0.08 μmol GAE/mg of dry extract (13.61 mg GAE/g of dry extract) (Cheung et al., 2003) a "-" No information on the type of assay used in the literature.
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Hydroxyl radical scavenging activity: The scavenging activity on hydroxyl radical was evaluated according to the method of Chandrika et al. [9] . One milliliter of final reaction mixture containing 500 µL sample at different concentrations, was mixed with 100 µL FeCl 3 (100 µM), 100 µL EDTA (100 µM), 100 µL ascorbic acid (100 µM), 100 µL deoxyribose (37.5 mM) and 100 µL H 2 O 2 (20 mM) in phosphate buffer (0.2 M, pH 7.4). The mixture was incubated at 37°C for 1h, terminated by adding 1 mL of 2.8% (w/v) trichloroacetic acid (TCA) and 1 mL of 1% (w/v) 2-thiobarbituric acid (TBA), followed by heating for 15 min. After cooling, absorbance was measured at 535 nm. Ferulic acid and phosphate buffer were used as positive and negative controls, respectively. Activity was calculated by the following equation:
Hydroxyl scavenging activity (%) = (1 -A 1 /A 0 )  100 Where A 1 is the absorbance of the test sample, and A 0 is the absorbance of negative control.
DPPH scavenging activity:
The scavenging activity on DPPH radical was measured according to the method of Cheung et al. [4c] . Briefly, an aliquot of 0.5 mL of 0.1 mM DPPH radical in methanol was added to each test tube containing 1 mL sample at different concentrations. Absorbance at 520 nm was determined immediately. TBHQ was used as a positive control while methanol or water was used as a negative control. The activity was calculated according to the following equation:
DPPH scavenging activity (%) = (1 -A 1 / A 0 ) × 100 Where A 1 is the absorbance of the test sample, and A 0 is the absorbance of negative control.
Superoxide anions scavenging activity:
The method of Liu et al. [11] was used. Briefly, superoxide anions were generated in a non-enzymatic system. The reaction medium containing 16 mM Tris-HCl buffer (pH 8.0), 78M -nicotinamide adenine dinucleotide (NADH), 50M nitro blue tetrazolium (NBT), 10 M phenazin methosulfate (PMS) was mixed with samples at different concentrations. Absorbance was measured at 560 nm. Ferulic acid and tris-HCl buffer were used as positive and negative controls, respectively. The activity was calculated according to the following equation:
Superoxide scavenging activity (%) = (1 -A 1 /A 0 )  100 Where A 1 is the absorbance of the test sample, and A 0 is the absorbance of negative control.
Hydrogen peroxide scavenging activity: The method of Chandrika et al. [10] was adapted. Samples were dissolved in 0.5 mL of 0. 
Chelating activity on ferrous ions:
The method of Lee et al. [12] was used. Each sample in water or ethanol (1 mL) was mixed with 3.7 mL of methanol and 0.1mL of 2 mM ferrous chloride. The reaction was initiated by the addition of 0.2 mL of 5 mM ferrozine. After 10 min at room temperature, the absorbance was determined at 562 nm. EDTA was used as a positive control while methanol or water was used as negative control. Chelating ability (%) was calculated according to the following equation:
Chelating activity (%) = (1 -A 1 / A 0 ) × 100 Where A 1 is the absorbance of the test sample, and A 0 is the absorbance of negative control.
Reducing power: The method of Yang et al. [4a] was carried out. Each sample in either water or ethanol (2.5 mL) was mixed with 2.5 mL of 200 mM sodium phosphate buffer (pH 6.6) and 2.5 mL of 10 mg/mL potassium ferricyanide. The mixture was incubated at 50°C for 20 min. After 2.5 mL of 100 mg/mL TCA were added, the mixture was further centrifuged at 200 g for 10 min. The upper layer (5 mL) was mixed with 5 mL of deionized water and 1 mL of 1 mg/mL ferric chloride, and the absorbance was measured at 700 nm. High absorbance indicates high reducing power. BHA was used as a positive control in this experiment.
Assay for erythrocyte hemolysis mediated by peroxyl free radicals:
The assay of Cheung et al. was used [4d] .
Briefly, blood was obtained from male Sprague-Dawley rats. Erythrocytes separated from the plasma and the buffy coats were washed three times with of 10 mM phosphate buffer saline (PBS) at pH 7.4. After the 3 rd wash, erythrocyte was collected by centrifugation at 1500 g for 10 min. A 20% suspension of erythrocytes in PBS (0.1 mL) was added to the 200 mM 2,2'-azo-bis (2-amidinopropane) dihydrochloride (AAPH) solution prepared in PBS (0.2 mL). Finally, 0.1 mL sample in either methanol or water at different concentrations was added to the mixture. The reaction mixture was incubated at 37°C for 3 h with gentle shaking, diluted with 8 mL of PBS and centrifuged at 1000 g for 10 min. Supernatant was then read at 540 nm (Absorbance A). Similarly, the reaction mixture was treated with 8 mL distilled water and absorbance (B) was measured at 540 nm. Ascorbic acid was used as the positive control in this experiment. The inhibition was calculated according to the following equation:
Assay of lipid peroxidation using rat brain tissue: The assay of Cheung et al. was used [4d] . Briefly, rat brain tissue supernatant was prepared from Sprague-Dawley rats. A 0.1 mL aliquot of the tissue supernatant was mixed with 0.1 mL of 10 M Fe 2 SO 4 , 0.1 mL of 0.1 mM ascorbic acid and 0.2 mL of the exudates at different concentrations. The reaction mixture was incubated at 37°C for 1 h, and terminated by adding 0.5 mL of 28% (w/v) TCA and 0.38 mL of 2 % (w/v) TBA. The mixture was then heated at 80°C for 20 min, centrifuged for 10 min, and measured at 532 nm. Tris-HCl buffer was used as the negative control while BHA was used as the positive control. The inhibition was calculated according to the following equation:
Lipid peroxidation inhibition (%) = (1 -A 1 /A 0 )  100 Where A 1 is the absorbance of the test sample, and A 0 is the absorbance of negative control.
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Determination of total phenolic content:
The amount of phenolic compounds is expressed as milligrams of gallic acid equivalents (GAE) per gram of dried exudates, and measured according to the method of Cheung et al. [4c] with modifications. One milliliter of sample was mixed with 1 mL of Folin and Ciocalteu's phenol reagent. After 3 min, 2 mL of 20% (w/v) Na 2 CO 3 was added to the mixture and made up to 10 mL by adding distilled water. The reaction was kept in the dark for 90 min, and its absorbance was read at 725 nm. A calibration curve was constructed with different concentrations of gallic acid (0.01-0.04 mg/mL).
Removal of phenolic compounds from exudates:
A polyamide column (Φ3 × 20 cm, 20 g, 100 mesh) was used to remove the phenolic compounds from the exudates according to the method of Li et al. [9b] . Briefly, the column was equilibrated with water, the exudates was loaded on the column and allowed to percolate. The column was eluted successively with distilled water, 50% aqueous ethanol and 95% ethanol. The eluates were combined, concentrated under vacuum and lyophilized.
Statistical analysis:
All analyses for the determination of antioxidant activity and the content of the total phenolic in the samples were run in triplicate. Data are presented as expressed as means ± standard deviation (n = 3). Differences among the samples or treatments at each concentration were evaluated statistically by one-way Analysis of Variance (ANOVA) followed by Tukey's test at the p = 0.05. Student's t-test was used to compare between two samples or treatments at the p = 0.05.
